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INTRODUCTION
Evoked neurotransmitter release is dependent on depolarization induced calcium ion (Ca 2+ ) influx through specific voltage gated channels on the presynaptic terminal (Augustine et al., 1985; Augustine 2001; Llinas et al., 1981; Sugimori et al., 1994; Zucker et al., 1991) . This Ca 2+ influx induces vesicle fusion through protein interactions (i.e. syntaxin, synaptobrevrin, synaptotagmin and numerous others; Sudhof, 1995 Sudhof, , 2004 . This influx is essential for transmitter release (Katz and Miledi, 1967, 1968) . Freeze-fracture and transmission electron micrographs (TEM) reveal groups of intramembraneous entities. These structures are assumed to be Ca 2+ and other ion channel proteins that are in close association with sites of vesicular fusion (Cooper et al., 1996b; Couteaux & Pecot-Dechavassine, 1970; Govind et al., 1994; Heuser and Reese, 1974) . In many cases there appears to be a dense structure, which exists in a broad variety of shapes from species to species, in close apposition where vesicles fuse to the inner face of the presynaptic membrane. For example, the salamander retinal rod synapse shows an array of dense bars lined with ribbons of synaptic vesicles aligned for docking (Rao-Mirotznik et al., 1995) . At the frog neuromuscular junction (NMJ) there are long dense bars in which vesicles associate (Kriebel et al., 2000) . At the crayfish excitatory neuromuscular junction, a dense body in the shape of a hemisphere is present with vesicles docked in a circular array around the dense mound (Jahromi and Atwood, 1974) . The dense structures in synapses in the CNS of mammals align themselves in an organized array on the synapse that works as an entire unit (Vrensen, 1980) . Although the dense body is not completely understood nor its makeup revealed, it is a constant indicator from species to species as the site of vesicular accumulation. The colocalization of these structures, the dense body and intramembraneous particles are indicative of the synaptic active zone (AZ) on the presynaptic terminal (Couteaux, 1970; Couteaux and Pecot-Dechavessine, 1974) .
Evidence supports that the structural makeup of the synapse, in relation to AZs in multiple vertebrate and invertebrate models, is a component that is correlated with the amount of evoked transmitter release (Cooper et al., 1996a,b; Rheuben, 1985; Walrond and Reese, 1985) . One advantage of the invertebrate crustacean model for synaptic transmission is that physiological recordings can be directly associated with synaptic ultrastructure. The structural components may be identified with TEM. The number and size of synapses, number of active zones, and abundance of vesicular pools (i.e. docked vesicles or those in readily release or reserve pools) are the structures readily able to be quantified. Another advantage of the crustacean NMJ is that the precise area that was physiologically assessed can be rebuilt in 3D. The crayfish opener muscle is a preparation that allows many of the problems associated with quantal currents and the analysis to be kept at a minimum (Cooper et al., 1995b) . Thus, insight into whether ultrastructure correlates to the physiological recorded quantal events is ascertainable (Cooper et al., 1995a (Cooper et al., , 1996a . Although it was previously shown how the spacing of active zones and their relative distances to calcium channels can affect the probability that a vesicle will fuse with the presynaptic membrane (Cooper et al., 1996b) , it does not account for the quantal current variability seen when recording from synaptic sites. Because of this variability, one could assume that there are multiple sites that may be active within a recorded location. In a past study of these terminals, single evoked responses were examined and characterized at low frequency stimulation (Lancaster et. al, 2007) . The results indicated that there groupings in the characteristics in the quantal recordings such as size, shape, rise times and decay constants. This hinted at the possibility of identifying a "quantal signature" for a given synapse.
Del Castillo and Katz (1954a,b) showed transmitter released from the frog NMJ is quantal in nature, which is also true for the crayfish NMJ (Cooper et al., 1995a; Dudel, 1981) . The concept of this quantal nature has been confirmed for many different synapses from multiple species, including mammalian CNS neurons (Hessler et al., 1993; Redman, 1990; Rosenmund et al., 1993) . Characterization of transmission and alterations demands measurement at the quantal content level for understanding the pre-and post-synaptic mechanisms involved. Assessing these characteristics is better approached in some systems. Here we used a macro-patch technique to investigate identified sites of synaptic transmission and various stochastic methods to examine quantal groupings of individual synaptic currents. One approach was to cluster the various quantal characteristics and determine if there are populations of quantal units. Initially the peak amplitude and the area of depolarization wave form were used to examine for quantal clustering using Gaussian Mixture models (Viele et al., 2003) . With this approach the change in the quantal occurrence within a defined population or if a new population appeared, one can index the discreet distributions within each stimulus paradigm. In this past study n and p was estimated for stimulation frequencies of 1Hz, 2Hz, and 3Hz. The findings showed that as the stimulation frequency increased, new sites are recruited (thus an increase in n) and the probability of release (p) increased for each site. It should be noted that in this past study the recordings were made over the varicosities with many synapses and AZs, where as in this current study 4 to 9 synapses are monitored with relatively few AZs present.
The objective of this study was to serially reconstruct, at the ultrastructure level, the synapses and associated AZs in low output regions of the nerve terminal in which quantal recordings were obtained with varying stimulation frequencies in order to determine if quantal signatures could be assigned to the few synapses present. We attempted to compare the number of AZs and clusters of potential quantal signatures with the aim to help in defining vesicle fusion statistics in probability (p) of release and number of quantal release sites (n) to synaptic structural complexity.
Methods

General
All experiments were performed using the first and second walking legs of crayfish, Procambarus clarkii, measuring 6-10 cm in body length (Atchafalaya Biological Supply Co., Raceland, LA). Animals were housed individually in an aquatic facility and fed dried fish food. Dissected preparations were maintained in crayfish saline, a modified Van Harreveld's solution (in mM: 205 NaCl; 5.3 KCl; 13 .5 CaCl 2 .2H 2 O; 2.45 MgCl 2 .6H 2 O; 5 HEPES adjusted to pH 7.4). Crayfish were induced to autotomize the first or second walking leg by forcefully pinching at the merus segment. Details of the dissection and equipment used are shown in video format (Cooper and Cooper, 2009 ).
Identification and marking of stem regions
To identify the low output stem area of the motor neuron, the vital dye 4-Di-2-Asp (Molecular Probes) was used. This dye highlights the neuron, which allows the focal macropatch to be placed at a specific site-the stem (Cooper et al., 1995b; Cooper and Cooper, 2009) . Using this approach also allows the specific site to be labeled for thin sectioning (~100-120 nm) by using fluorescent and electron dense beads either by preloading them around the lumen of the patch electrode or after a recording is made to label the site. If the electrode is pre-coated before recording then when the patch electrode is removed, a ring of beads is left behind, marking the site ( Figure 1A ) This method was previously used to rebuild complex synapses at high and low output varicosities to identify the number of AZs between them (Cooper et al., 1995b (Cooper et al., , 1996b . In Figure 2 (between the arrows) a long stem region is shown that appears to be devoid of large varicosities. Such long stem regions are not common but they due provide an opportunity to investigate regions with fewer synapses.
Physiology
To elicit an evoked response, the excitatory axon was selectively stimulated by placing a branch of the leg nerve (from the merus segment) into a suction electrode connected to a Grass stimulator (see Cooper and Cooper, 2009 for visual details; Dudel and Kuffler, 1961) . The possibility that presynaptic and postsynaptic inhibition altered the responses during these experiments, due to spontaneous fusion of vesicles in the inhibitor neuron, is extremely low given that evoked release in the excitory terminals is at a set frequency and that the release was extremely low in probability. Thus, the possibility of two low probability events, with one being random in nature, occurring simultaneously is very low.
field Excitatory Postsynaptic Potentials (fEPSPs)
Synaptic field potentials were measured with focal macropatch electrodes to assess presynaptic vesicular events. It was demonstrated in an earlier report that 4-di-2-ASP had no effect on transmission with the concentration (5µM) used in this study (Cooper et al., 1995a) . The synaptic potentials were obtained using the loose patch technique by lightly placing a 10-20 µm fire-polished glass electrode directly over a spatially isolated varicosity along the nerve terminal. The fEPSPs and field miniature excitatory postsynaptic potentials (fmEPSPs) can readily be recorded (Cooper et al., 1995b (Cooper et al., , 1996a del Castillo and Katz, 1954a) . One might assume the conditions for quanta would be similar for a fusion site in respect to focal electrode placement when measuring the field potential. But, varying distance from the source and recording along with the distortion by subsynaptic reticulum can have an effect on the shape of the responses. Thus, each postsynaptic array response to vesicle fusion could have a unique profile. We assume the field potential parameters will stay constant throughout the experiment, for a given fusion site, and thus we can monitor the frequency of occurrences and characteristics in their shape as well as if new shapes appear.
Electrical signals were recorded on-line to a Power Mac 9500 or to a Dell Latitude D600 computer via a MacLab/4s or a PowerLab/4s interface respectively. In addition, to direct quantal counts the quantal characteristics were measured as described below.
Quantal Analysis
Quantal analysis was carried out with the assistance of a statistical program written in R language (Lancaster et. al, 2007) . This program has the ability to use single events and account for DC shift to create a baseline using the tails of traces that have a low occurrence of events, and to automatically measure different parameters of quantal events: Area under the event, rise time, peak amplitude, tau decay and latency. The traces are inverted in this report for ease in analysis. The amplitudes of the quantal responses are arbitrary as electrode seal resistance among preparations is variable. In addition, the traces are relatively scaled for comparisons within a preparation.
We collectively refer to the variables area under the curve (AUC), rise time, peak amplitude, tau, and latency as functionals (aspects of a function, we avoid the use of "parameter" as these functionals do not fully define the quantal responses). Our goals are to determine 1) any change in the mean quantal content across different stimulation frequencies, and 2) any change in the functionals across different stimulation frequencies.
Transmission Electron Microscopy (TEM)
All preparations were fixed in a 2.5% gluteraldehyde, 0.5% formaldehyde buffered solution (0.1 M sodium cacodylate, 0.022%wt CaCl 2 , 4%wt sucrose, and adjusted to pH of 7.4) for one hour with two changes and post fixed with a 2% osmium tetroxide buffered solution and embedded in Eponate 812. The samples were serially thin sectioned on a Reichert ultracut microtome and post stained with uranyl acetate and lead citrate. Sections were then viewed on a FEI: Philips Tecnai, Bio Twin 12 model transmission electron microscope at 80 or 100 kV.
Preparation of Formvar Coated Grids
In order to ensure that grid bars from commonly used EM grids would not interfere with the site of interest, slotted nickel grids (1×2 mm), were coated with 1% formvar (Electron Microscopy Sciences, EMS). These grids were used to capture sections prior to coating. Formvar dissolved in Di-ethylene chloride was used to coat non-charged, pre-cleaned slides using a film-casting device (EMS). Once coated, the slide was quickly dried using a heat lamp. A razor blade was then used to scrape the edges of the coated slide. Warm/moist air was then blown on the edge of the slide to loosen the formvar from the slide. The slide was then dipped at ~35° angle into distilled water, which allowed the formvar to separate from the slide leaving it floating on the water's surface.
The detached formvar was then collected using a domino rack (EMS), a plastic coated platform with holes that are slightly larger than an EM grid (3mm in diameter). This allows the holes to be covered by the formvar. The domino racks were then slowly dried at room temperature in clean glass dishes over night.
The resin block with the embedded tissue was then trimmed to a block face of ~ 0.25 mm 2 , cut with a diatome 3mm diamond knife at a 6° cutting angle. Serial sections were then collected in three section increments. These sections were then collected from the diamond knife boat with a slotted grid (held in the slot by water cohesion) held by forceps and gently placed on the domino rack coated with formvar. Once a domino was full, it was placed back into the glass dish and placed in an oven (~37 o ) to evaporate any remaining water and to promote the nickel grid to adhere to the formvar.
Once dry, grids (with sections) were removed from the domino rack using a 2.5mm acupunch biopsy tool (Acuderm Inc.). The grids were then placed in a Hiroki staining flat and stained in a Hiroki staining dish (EMS) using the staining procedure described in the transmission electron microscopy methods.
Measurements for synapses and AZ distribution
Each transmission electron micrograph that revealed a synapse was cataloged. In some cases complete serial sections of synapses were obtained. The presynaptic terminals were classified as excitatory by the shape of the vesicles as well as if presynaptic inhibition was present. Inhibitory terminals reveal oblique shaped vesicles (Tse et al., 1991) and were not further used for quantification. The appearance of dense bodies associated with synapses within the presynaptic terminal was used to define an AZ. Within the crayfish NMJ, AZs are places where vesicles cluster in association to fusion with the presynaptic membrane (Cooper et al., 1996b) . These dense bodies are thought to serve as cytoskeleton attachment points to deliver tethered synaptic vesicles possible from reserve pools. The presence of presynaptic inhibition was evident in two of the three reconstructed stems. Presynaptic inhibition is a phenomenon in which the inhibitory motor neuron has synapses on excitatory neurons; thus, a neuron with a synapse onto another neuron, with an AZ present, would indicate it as the inhibitor (Figure 3 ), since no presynaptic excitation from the excitor to the inhibitor has ever been established. Figure 4 illustrates an active zone on one synapse and a synapse with docked vesicles but no active zone within this particular section.
Synapses at the crayfish NMJ do not have a grid of AZ on the synapses but show synaptic variation such that some synapses may only posses a single AZ while others might have multiple AZs at varying distances from one another (Cooper et al., 1996a,b) . This is an important distinction if one is counting vesicle populations and locations as vesicles cluster around AZ's. In the crayfish opener preparation, the dense bodies of the excitatory terminals are viewed as hemispheres of about 60nm in diameter sitting with the cross-section of a hemisphere facing the synapse (Atwood and Cooper, 1994) . This is documented by the occasional on face view in parallel sectioning of synapses (Cooper et al., 1996b) . Thus, in 100-120nm cross-section thickness a dense body can be contained within a single section. If the dense body is seen within two sections then sections either side of the section with the dense body were also used for analysis. Care for stereological errors in measuring objects in TEM from 2D images of 3D tissue was implemented as previously described (Atwood and Cooper, 1996; Feuerverger et al., 2000; Johnstone et al., 2008; Kim et al., 2000) .
Results
Quantal measures & characteristics
Five opener stem preparations were recorded for quantal analysis, three of which were rebuilt through electron microscopy. The macropatch technique was used to record quantal events from the stem region between two varicosities of the excitor neuron. To study quantal characteristics among single evoked events, a low output region of innervation and a relative low frequency of stimulation paradigm were used. Each stem was recorded for ~2000 evoked stimulations at 1 Hz, 2 Hz and 3 Hz, which gave rise to different synaptic responses. Figure 5 shows what types of responses that are seen during a typical recording period. Each trace has two characteristics in common, one an artifact (arrow 1), due to the stimulus traveling through the saline bath and two, a spike (arrow 2) which represents the field response of the presynaptic action potential (i.e., spike) recorded under the patch electrode traveling along the nerve terminal. After the spike, the majority of trial runs show a failure ( Figure 5A ), but some traces show single ( Figure 5B ) or multiple events ( Figure 5C ). Since the interest is in characteristic shapes of single events for this study, these multiple events were not analyzed, but are included in the mean quantal content. Also spontaneous events known as minis occur ( Figure 5D ). These are events that occur randomly and are not due to the evoked stimuli. These minis were also not analyzed and not included in the mean quantal content. The single evoked events were analyzed using the R quantal analysis program (see Lancaster et al. 2007 in methods) . This allowed relatively quick computation of mean quantal content, area of each event, as well as peak amplitude, latency, tau decay and time to peak amplitude ( Figure 6 ). Table 1 shows the mean quantal content of each stem at 1Hz to 3Hz broken down into single events (indicated by "1"), multiple events (marked as numbers, each representing the number of event during that run), total number of traces analyzed (N) and mean quantal content (m).
Analysis of mean quantal content and the individual functionals (area, peak amplitude, etc…) was conducted using stems as random effects (e.g. the stems were assumed to be drawn from a greater population and thus the variation across stems is accounted for in the analysis) and the stimulation frequency (hertz) as a fixed effect. In the results we show there is substantial variation across stems, but that the effect of stimulation frequency is significant even after accounting for that variation.
The mean quantal content was analyzed using a generalized linear model (here Poisson regression) version of a repeated measures ANOVA. The number of quanta in each condition (see Table 1 ) was analyzed using stem as a random effect and hertz as a fixed effect. Note in a Poisson regression the log of the mean number of quanta per stimulation is the parameter of interest. This analysis indicates the mean quantal content is reduced as the stimulation frequency is increased (overall p<0.0001, estimated contrast 2Hz-1Hz is −0.157 with p=0.003 and estimated contrast 3Hz-1Hz is −0.325 with p<0.0001). These parameters refer to the log of the mean quantal content and thus are on a "percentage" scale, the (−0.157) indicates mean quantal content at 2Hz is only exp(−0.157)=85.5% of mean quantal content at 1Hz. At 3Hz, mean quantal content is only exp(−0.325)=72.2% of the mean quantal content at 1Hz.
Each functional was transformed to the log scale before conducting the repeated measures ANOVA because of obvious issues with changing variances. In Figure 7 we see various transformations of tau (the other functionals are qualitatively similar). In the untransformed data, we can see the clear differences among the stems, and that the variation varies greatly from stem to stem. Figure 7 also illustrates some possible transformations. The log transformation was chosen because it appears to stabilize the variance the most.
Repeated measures ANOVA were then fit separately using the log of each functional as a response variable, the stem as a random effect, and the stimulation frequency as a fixed effect (fitted as a factor variable). Table 2 shows the results of this analysis. For each functional we find similar results: specifically 1) there is considerable variation across stems, accounted for in the repeated measure ANOVA and 2) the functionals, in general, decrease as the stimulation frequency is increased which suggest synaptic depression over time.
The second column in Table 2 shows the contrasts between 2Hz and 1Hz and between 3Hz and 2Hz. Thus, for example, looking at the AUC data we find 2Hz averages 0.072 lower than 1Hz while 3Hz averages 0.150 lower than 1Hz. A difference of 0.15 on the log scale indicates the 3Hz data is exp(−0.15)=86% as large as the 1Hz data after accounting for differences in stems.
Solely for visualization purposes, Figure 8 shows the "stem-adjusted" values for each of the 5 functionals. These plots were constructed by 1) taking the log value for each functional as described above, 2) subtracting the mean log value for each stem from each log value, which standardizes the results across stems, and then 3) plotting the adjusted values on the original (non-logged) scale. Note these are not the values used in the analysis, as the log values are more appropriate for statistical treatment as described above. However, this plot is useful for visualizing the effect of stimulating frequency with the effect of stem removed, in particular the moderate percentage reduction in each of the functionals as the stimulation frequency is increased.
Anatomical analysis
The next part of this study was to rebuild the recorded region in order to reveal the actual number of synapses, AZ's as well as measure synaptic area and distance between AZs. Figure 9 shows a 3-dimensional representation of stem-1 rebuilt from electron micrographs. Each color represents a different synapse and each synapse is represented 2-dimensionally to the sides of the stem. The lines represent the synaptic midlines from the sections while the ovals represent relative AZ location, while dashed lines represent sections that were unable to be salvaged.
When considering the synaptic area, measurement of error was considered since stereological issues are relevant. A 3-D object represented in 2-D planes presents special requirements to deal with potential error in making measurements. When dealing with the synaptic ends via TEM, the last section portrays a blunt end, while a synapse from sections obtained in parallel to the plane are known to be curved on their edges. The process of correcting the error measures are shown in Figure 10 and accounted for in Table 3 . In addition if a section was lost that occurred at the end of a synapse, the last section with a synapse present was treated as the edge of the synapse.
Not only was error of synaptic area calculated for but also AZ distance error. Because the section is ~100 -120 nm in thickness, and an AZ is 60 nm in diameter, it is possible for an AZ to be located within any part of the section thickness, thus there is a degree of error to be accounted for with consideration for section thickness (Figure 11 ). The maximum distance and minimum distance was calculated and included in the overall analysis of AZ distance (Table 3) . Table 3 shows all the calculations of the rebuilt stems in which electrophysiological recordings were made. In the table, the stem number is listed in the first column. Each stem was not completely rebuilt because some sections are lost during thin sectioning. The number of total sections accounted for are listed in the second column, while the third column gives the percentage of those sections that were actually accounted for and analyzed. Synapses are numbered for each stem and the synaptic area is reported with the error in the proceeding columns. The difference is calculated in the following column. Each stem had a range of synapses (4-9) and had a range of AZ's (0 −14) in which the distance error between them were accounted for in the remaining columns. The largest synaptic area recorded was 2.379 um 2 (including error) while the smallest was recorded as 0.0428 um 2 (including error), these two extremes were also found within the same stems suggesting uniqueness in individual stems. The distance between AZ's on single synapses varied between stems. For stem 1, the minimum AZ distance was 0.6 µm 2 and maximum was 0.73 µm 2 . For stem 2, the minimum distance was 0.549 µm 2 , and minimum was 4.104 µm 2 . Stem 3, minimum 0.399 µm 2 to a maximum of 1.281 µm 2 .
Discussion
In this study it was attempted to correlate structure and function of nerve terminals and to increase the accuracy of quantal analysis, by utilizing a nerve terminal region that has low synaptic efficacy (i.e. the stem region). The stem region is located between varicosities and has been shown by this study and others to have fewer synapses and fewer AZ than within varicosities. Florey and Cahill (1982) reconstructed the nerve terminals in the crayfish Astacus leptodactylus, and found the varicosities had about 10 synaptic sites and the stem regions had about ~2-3. While with the crayfish Procambarus clarkii, varicosities contained up to 50-60 synapses (Cooper et al., 1995b) . In this current study it was determined that the stem regions contained 4-9 synapses (in a length of 10µm of the stem) and anywhere from 0-14 AZs (a synapse with no active zone is known as a blank synapse). This indicates species differences in nerve terminal innervations. The stem regions were specifically used in this study to intentionally reduce the number of release sites (n) to remove confounding variables such as large number of synapses, each of which could contain a multitude of AZ's (Cooper et. al, 1996a,b) . Such synaptic complexity causes difficulty in delineating the number of release sites (n) and/or the probability (p) of each release sites from the quantal recordings. Classically, m was calculated by counting the number of observed events, all events being considered equal, over the number of stimulation trials. This study provides direct structural comparisons to physiological responses obtained from defined synaptic regions, while considering the different parameters of each singly evoke event, which enhances the understanding of synaptic physiology.
It had previously been reported the complexity in the AZ spacing on synapses could present varied calcium distribution and thus affect the probability of vesicle fusion (Cooper et al, 1996b) . In varicosities, it was shown that as stimulation frequency increased the mean quantal content also increased. This suggested that new synaptic sites might be recruited as the stimulation frequency increased (Viele et al., 2003) , but because of the large number of potential release sites, to make a prediction of which quantal signature came from which synapse was impractical. When analyzing data from the stem region we found that this region does not respond in the same manner as the varicosities in previous studies. The m generally decreased with an increase in stimulation frequency and in most cases the parameters measured for each quantal response (area, rise, peak, time to peak and latency), had a slight decrease, over the stimulation frequencies (1Hz-3Hz). The preparations in which the quantal parameter correlations were made to structure is suggestive that the number of synapses is not related to quantal signatures. The possible variables that give rise to quantal variation may be too confounding to determine possible quantal signatures for a particular AZ or synapse even in this synaptically reduced preparation.
The stem region functions synaptically different from the varicosity in relation to m and correlation to stimulation frequency. Why this region responds differently is not known. The first obvious difference between the varicosity and the stem region is size. Varicosities can be up to 5µm in diameter, while the stem region ranges from 0.5µm to 1.5µm. Just this size difference may alter the way calcium is buffered and extruded as was shown for the thin phasic (high output) terminals as compared to tonic (low output) terminals on the extensor muscle of crayfish (Millar et al., 2005; Msghina et al., 1999 ).
An additional difference in the stem regions and the varicosities is that the larger volume in the varicosities are able to accommodate a pool of reserve vesicles where as in the stem regions there does not appear to be reserve pool that can be pulled from. This might account for differences in the rate of depression with frequency of stimulation between these regions. Separate pools of presynaptic vesicles are segregated based on their location and function. Various reports named the pools differently; therefore no absolute definitions have been established. Nevertheless, the physiological and anatomical separation of two vesicle pools, reserve pool (RP) and readily releasable pool (RRP), are widely utilized as working models to address synaptic vesicle recycling. RRP is defined as a group of vesicles close to the synaptic active zones which will fuse and release neurotransmitter immediately responding to Ca 2+ influx, while RP is a group of vesicles slightly further away from the synaptic face (about 100nm in crayfish opener NMJ, the distance of two tightly touched vesicles). This pool is recruited under particular circumstances such as high frequency stimulation or in the presence of neuromodulators, such as serotonin (Sparks and Cooper, 2004) . All the vesicles are randomly distributed inside of the terminal without a clear separating line to distinguish RRP from RP. The differences between vesicles in a RP of the stems and varicosities are again similar to the anatomical differences between thin phasic and tonic terminals (Johnstone et al., 2008) .
Because Ca 2+ is buffered and removed in multiple ways within varicosities such as by ER, mitochondria, buffering proteins, and removal methods (i.e., PCMA and NCX) (Scheuss et al, 2006) , the Ca 2+ may be removed quickly as not to have as great of an effect on neighboring synapses and AZ's. In the stem region, event variability does not seem to increase as drastically with low stimulation (1Hz-3Hz) as it does in the varicose region (Viele et al., 2003) . If the abundance of these Ca 2+ buffering/extruding systems are fewer in number in this region then calcium could increase rapidly with maintained stimulation (see review by Atwood et al., 1997) . In such a small volume, such as in the stem region, it may be possible that Ca 2+ affects each site equally, thus recruitment of new synapses or AZ's would be masked, regardless of stimulation frequency. It was previously shown in the opener motor neuron the amount of calcium in the terminal varicosity increases with stimulation frequency (Cooper et al., 1995a; Crider and Cooper, 2000) . Sodium also increases with stimulation frequency (Winslow et al., 2002) , which has been shown to have an effect, but not directly in LTF (Atwood and Tse, 1988) . Thus, higher [Ca 2+ ] i and [Na + ] i during stimulation and potentially differential decay of the ion concentrations in the stem as compared to the increased volume of the varicosity are likely to be different.
An additional observation from the data recorded from the stem is that in most cases the mean quantal content decreased overall from 1Hz to 3 Hz (stems 1, 2 and 4). Because this is at low frequency stimulation it might be possible that the stem region is more susceptible to low frequency depression (LFD) than the varicose region (Takeda and Kennedy, 1965) . This is a phenomenon, in which the neuron depresses in response to very low frequencies (0.0016 Hz-0.2Hz), much lower than used in our study, but this possibility cannot be ruled out since this study was done at a region other than the varicosity and has not previously been investigated for LFD. The overall mechanism of LFD is unknown, but is recognized to be a presynaptic phenomenon and phosphorylation-dependent, as shown through kinase inhibition (Silverman-Gavrila et al., 2005) . If this is the case, then second messenger cascades must be considered to be involved. Considering that such activation of second-messengers could have a greater impact in the stem with a smaller reserve pool of vesicles as compared to the varicosity might be worth future consideration. In the micrograph shown, as well as others obtained from the stem region, the overall structure in the longitudinal core is occupied largely with microtubules and few synaptic vesicles. In varicosities there are many vesicles within the center (Cooper et al., 1995a (Cooper et al., , 1996a . Synapses in the stem were observed without AZ's, albeit there were missing sections, suggesting that silent synapses may be present at the stem region of the neuron. Silent synapses lack AZ's are thought to be inactive at rest, but as shown in hippocampal neurons, they can be activated and AZ will appear if long term synaptic plasticity is induced by repetitive stimulation through actin polymerization (Yao et al, 2006) . Thus, they play a role in synaptic plasticity. Since it is possible they exist at the stem region, they may be a factor in the response recorded from the stem region, but because they were identified as silent even after the increase in the frequency (1 Hz -3 Hz), it is possible that they stayed silent and played no role in the stems recorded in the stimulation paradigm used in this study.
Another dynamic to the stem regions is that they are surrounded by much less subsynaptic reticulum. This brings a post synaptic component into play as well for the responsiveness in this region. With a varicosity, the entire surface is surrounded by subsynaptic reticulum with synapses occurring on any region. For instance, if a varicosity (treated as a sphere) is 5µm in diameter the surface area associated with it is 78.5 µm 2 (4 π r 2 ). While a stem (treated as a cylinder, with a length of 20µm) the surface area is 31.8 µm 2 ((2 π r 2 ) + (2 π r) h). This is less than half the surface area of the varicosity, thus, more synaptic glutamate receptors (quisqualate-type) could be found surrounding the varicosity in the synaptic regions as compared to the stems synaptic regions. This provides another possible variable into the differing response with stimulation. Due to this difference in terminal size means the distribution of glutamate receptors, in synaptic regions, could easily be different at the stem region as compared to the varicosity. If one were to consider the postsynaptic receptor array being consistent in packing density, the exact location where a vesicle fuses with the synapse affects the amount of transmitter received by a specific area of the postsynaptic receptor array. Suppose the vesicle fuses on an edge of the presynaptic synaptic surface (Uteshev and Pennefather, 1997) , the result would be a different size or shape of a recorded postsynaptic current (due to the entire quantal package not being deposited over the receptors) compared to a vesicle that released directly over the center of the array. In addition, one could also consider that a single quanta might saturate the postsynaptic array, thus, release from a synaptic edge would alter the quantal shape as would a subsequent central release. An edge release would not have a concentrated release over the receptors and would lose some glutamate due to spillover resulting in a smaller event. A subsequent vesicular release could result in a blunt peak, due to the glutamate receptors not being completely reset from the first release. The neighboring effect would likely be more substantial in the stem region than the varicosity with receptors farther apart.
The degree of subsynaptic reticulum could also alter the degree of amplification of the membrane potential due to differences in series resistance. Such a factor has not been addressed previously for regional differences along these types of varicose-stem terminals but has been investigated for a vertebrate NMJ in regards to the enfoldings in the plasma membrane of the muscle and degree of activation of voltage gated ion channels (Martin, 1994) .
Synapses were found to have a range of AZ's from 0 to 3 at the stem region. Thus, the stem region is still fairly complex and not as simplistic as we originally thought for studying structure and function of synapses in relation to correlating a quantal signature. Although, in the stems reconstructed, the AZs were not in close enough proximity to imply that their calcium influx domains would impact the neighboring AZ according to previous computational models (Cooper et al, 1996b) . This alludes to the possibility that when calcium enters the cell in the low frequency stimulation paradigm each AZ acts independent of the others. However the buffering of calcium in the stem region needs to be considered and this has not been addressed specifically for this region in the previous computational assessment (Cooper et al, 1996b) . This leads to the possibility that the calcium build up in the stem region would also mask the calcium cloud distribution between AZ's and possibly whole synapses. Of course, it would have been ideal if a single synapse with a single AZ was obtained in the reconstructions as then one would know where the quantal responses had originated. In addition, mechanisms for variations, if present, in the quantal responses would have been able to be addressed with more substantive possibilities.
To more accurately estimate n and p from physiological and anatomical data, it is important to discuss what n actually refers to. Some investigators refer to n as an entire varicosity (Korn et al., 1981) , while others count each synapse as n, yet some suggest each AZ (Redman, 1990 , Faber, 1991 . Since in this preparation each AZ can dock up to 6 to 7 vesicles, as seen in freeze fractures as well as TEM sections obtained parallel to the synapse face (Cooper et al., 1995b (Cooper et al., , 1996 one could consider each docking site as an n. Thus, a single AZ would have an n of 6-7 but each n in this case would have an equal probability of release so possibly a functional n=1 could be assigned to an AZ. However, if a release occurs at one site its probability of a second release would be reduced for a period of time. This would alter the probability of neighboring sites within a given time period. If one considers each docking site as an n, then even a single AZ is complex to study in reference to p considering that the release at one site would be dependent on its own site's history as well as a neighboring site's history. Thus, the assumption that each site is independent would not be valid. This level of statistical investigation has not been tackled in the synaptic field properly. This is likely because of a lack of experimental measurements to address the issue.
Obviously there is a wide range in defining n. In this study, stems were recorded, which are located between varicosities and quantal events are able to be recorded thus, n does not necessarily mean individual varicosities, but could still account for synapses and AZ's. In addition, because a quantal event is the result of a single vesicle fusing with the membrane (Fatt and Katz, 1952) , it would be logical to say that n is area a vesicle fuses at. Because a synapse can harbor a multitude of AZ's, even in low output terminal areas, such as the stem region, one cannot account for which AZ is "active" at a given time, thus we cannot define which synapse accounts for each n.
Because even the stem region of the tonic opener neuron is too complex, n cannot be determined yet from recorded characteristic parameters of quantal responses. Although, this study has offered insight into analysis of n and p as well as measures of quantal fluctuation in these simpler synaptic preparations, the hunt continues to find preparations with single synapses containing a single AZ to define quantal variation and structural/functional relationships. The quantal decay time at the larval Drosophila NMJ is shortened with increasing levels of external [Ca 2+ ] (Pawlu et al., 2004) . We did not observe a change in the decay rates of quantal responses with increasing stimulation frequency so this phenomenon might be unique only to Drosophila NMJs. Perhaps slowing down all the biochemical and physical properties, by a reducing the temperature, would amplify quantal differences that could be indexed. Such an approach remains to be tested with a focal recording over a defined varicosity or stem region in this preparation.
There are additional parameters that need to be accounted for in order to consider structure and function of nerve terminals and possible differences within the stem and varicose regions. Since many biochemical factors play a role in the overall function of synaptic transmission differential activation of cellular cascades needs to be considered over various stimulation paradigms. It is known that biochemical properties (i.e. second messenger cascades, calcium binding, phosphorylation events etc.) that affect m are likely acting through altering p at any given site (Dason et al., 2009; Dixon and Atwood, 1989; Sudhof, 2004; Xia and Storm, 2005, Yao et al., 2006) . A stem region shown in a preparation staining with 4-di-2-Asp. This is shown in black and white for enhanced contrast. Here the stem region is quite pronounced located between the two arrows. Note slight swellings but very reduced as compared to the larger varicosities. Scale bar = 20µm. Identification of the excitor stem for 3D reconstruction (section from stem 2). Electron micrograph of the excitor stem (Ex) innervated by the inhibitor neuron (Inh) showing presynaptic inhibition. The inhibitor synapse (Inh Syn) reveals an AZ (inh AZ) as well as the exciter synapse (Ex Syn and Ex AZ). Scale bar = 0.5µm. An electron micrograph of a section of terminal which depicts two synapses. On one synapse an enhanced dense structure is clearly seen with vesicles clustered around it. This is refereed to as an active zone. The synapse at the top of the figure shows docked vesicles but no active zone. Scale bar = = 0.5µm. Quantal Analysis: A: Trace representing a failure, recorded as 0, not analyzed. 1: Artifact. 2: Spike. B: Trace representing a single evoked event (occurring directly after the spike), recorded as a single event C: Trace representing a multiple event (in this case a doublet), recorded as two events. D: Trace representing a spontaneous event, but a failure in evoking an event, not analyzed. These traces are from different sites and shown here to highlight the varied types of responses. This figure illustrates the raw data for tau (upper left panel) and three possible transformations (square root, cube root, and log). The stems are separated by colors, with the three boxplots in each color indicates the 1Hz, 2Hz, and 3Hz stimulation frequencies.
Clearly there are problems with changing spread in the untransformed data. The log transformation was chosen to most stabilize the variation. The remaining functionals (AUC, rise time, latency, and peak amplitude) showed qualitatively similar patterns. Illustration of the effect of stimulation frequency on area under the curve, latency, peak amplitude, rise time, and tau after adjusting for the effect of stem. This plot was constructed by 1) transforming to the log scale, 2) from each log value subtracting the mean log value for the corresponding stem, and 3) plotting the results on the original (non-logged) scale. This plot is not appropriate for viewing the statistical analysis, which takes place on the log scale and fully incorporates the variation across the stems as a random effect. However, the purpose here is to illustrate the general decreasing trend in each functional as the stimulation frequency is increased. Reconstruction of STEM 1 from electron micrographs. Five synapses were found on STEM 1 (S1 -S5), each represented by a different color as well as two-dimensional representation (line diagrams). Each line represents the synaptic midline for that section. Active zone location is indicated by an oval for each synapse. Diagram depicting a synapse without AZ's to highlight parameters used to measure synaptic area. Arrowheads: representing the first and last sections of the synapse. Area in gray: Error measurement for the edge of the synapse using the ellipse formula divided by 2: ((π*A*B)/2). Dotted line: Hypothetical edges of synapse. Asterisk: Hypothetical perforation contained within one section. Bracket: measurement between the edges of two adjacent sections, ~120nm. Diagram depicting a synapse that is observed over 5 sections (arrows) with 2 AZ's (gray circles) showing the potential range the AZ may be located in a ~120nm section (empty circles). The minimum distance is 0nm, while the maximum distance is 120nm (closest AZ edge). Dotted lines represent section midpoints where the center of the AZs is assumed to lie. Results of the repeated measures ANOVA for each of the five functional. For each functional we can see the significant variation across stems (column 4), the statistical significance of the stimulation frequency (column 3), and the contrasts between the different stimulation frequencies (column 2). For reference, a difference of −0.10 on the log scale indicates values that are exp(−0.10)=90.5% as large on the actual scale of the data. Measurements made from Stem reconstructions. Stem: indicates which stem is being measured. N Sections: total number of thin sections made to reconstruct stem region. %Capture: percent of sections that were able to be saved and analyzed. Syn: Number of synapses on each reconstructed stem.
Syn Area: The area (um 2 ) each of the synapses cover on the reconstructed stem. Syn Area w/ Err: The possible total area of the synapse, taking into account the error of the section thickness (um 2 ) ( Fig 5) . 
